Abstract The main aim of this work was to evaluate the effect of high-intensity ultrasound (US) on the drying kinetics of orange peel as well as its influence on the microstructural changes induced during drying. Convective drying kinetics of orange peel slabs were carried out at a relative humidity of 26.5±0.9%, 40°C and 1 m/s with (AIR+US) and without (AIR) ultrasound application. In order to identify the US effect on water transport, drying kinetics were analyzed by taking the diffusion theory into account. Fresh, AIR and AIR+US dried samples were analyzed using Cryo-Scanning Electron Microscopy. Results showed that the drying kinetics of orange peel were significantly improved by US application, which involved a significant (p<0.05) improvement of mass transfer coefficient and effective moisture diffusivity. The effects on mass transfer properties were confirmed with microstructural observations. In the cuticle surface of flavedo, the pores were obstructed by the spread of the waxy components, this fact evidencing US effects on the air-solid interfaces. Furthermore, the cells of the albedo were disrupted by US, as it created large intercellular air spaces facilitating water transfer through the tissue.
Introduction
In the period 1997-2007, global orange production reached an average of 63 million tons (FAOSTAT 2010) . In the world market, 40% of the orange production is used in orange juice processing, which generates an average mass of waste of 0.5 kg/kg of raw orange that may be considered an environmental issue in terms of disposal. Some orange peel components may be of great interest due to their health properties such as high antioxidant activity (Larrauri et al. 1996; Garau et al. 2007 ; Anagnostopoulou et al. 2006 ) and fiber content (Garau et al. 2007; Chau et al. 2005) . In order to extract antioxidant compounds or fiber, drying the raw matter is considered a preliminary and necessary step of great importance not only influencing energy consumption but also the quality of the final product (Arslan and Özcan 2011) . Thus, Garau et al. (2006) reported that the drying of orange peel is the most expensive step in dietary fiber production. As a consequence, exploratory studies into new drying technologies to be applied in drying may be considered as a relevant area of research (Mujumdar and Law 2010) .
The application of high-intensity (or power) ultrasound (US) is considered to be an emergent technology in the area of food processing (Delgado et al. 2010 ), whose use is already commonplace in applications in liquid media by using US baths. US-assisted hot air-drying of foods has been shown to be highly efficient increasing the drying rate of several products, among others, carrots (Gallego-Juárez et al. 1999; Garcia-Perez et al. 2006) , persimmon and lemon peel (Garcia-Perez et al. 2006; Garcia-Perez et al. 2007 ). The influence of US application on the drying rate depends on the magnitude of the process variables involved as well as the product's structure. As a consequence, in order to determine the influence of US application on the drying of a target product, it is necessary to analyze the drying kinetics.
The study of the influence that US produces on the microstructure can contribute to a full development of USassisted drying of foods. The analysis is essential not only in terms of quality but also to explain the US effect on the mass transfer process. Previous literature has already reported significant structural effects associated with US application in food processes such as in cheese (Sanchez et al. 2001a (Sanchez et al. , 2001b and pepper salting (Gabaldon-Leyva et al. 2007 ) and oil extraction (Toma et al. 2001 ) and pretreatments in liquid media (Sharma and Gupta 2006; Fernandes et al. 2008a, b; Oliveira et al. 2010) . All these works deal with US applications in solid-liquid media, but as far as we know, references to the influence of US-assisted air drying on product microstructure have not been previously reported in literature. The use of microstructural analysis in literature is commonplace to describe structural changes in foods during postharvesting or processing (Chafer et al. 2003; Salvador et al. 2008; Alandes et al. 2009; Cruz et al. 2010) .
The main aim of this work was to determine the influence of US application on orange peel drying, relating the water transport phenomena with the structural changes induced during the process. In order to attain this objective, computational and microstructural analyses were considered to be necessary tools.
Materials and Methods

Raw Materials
Fresh oranges (Citrus sinensis var. Navelina) were picked in Gata (Alicante, Spain) at an advanced stage of ripeness (12.1±0.8ºBrix). The whole pieces were washed, strained, and stored at 4±1°C until processing. The orange peel was separated from the flesh by hand and cut into parallelepipeds (height 80.0±2.5 mm, width 40±2.0 mm, and thickness 5.9± 0.4 mm). Samples were wrapped in plastic films to avoid moisture loss and maintained at 4°C until processing. In every case, storage time was always shorter than 24 h.
The initial moisture content of the orange peel was measured following AOAC method 934.06 (AOAC 1997) . The measurement was taken in triplicate at 70°C and 800 mbar vacuum levels until constant weight (24±1 h).
Drying Experiments
Drying kinetics were carried out in a US-assisted convective drier, already described in previous works ( Fig. 1 ) (Garcia-Perez et al. 2006; Cárcel et al. 2007; Ortuño et al. 2010 ). An airborne US device constitutes the drying chamber, it includes an aluminum-vibrating cylinder (internal diameter 10 cm, height 31 cm, and thickness 1 cm) driven by a piezoelectric composite transducer (21.7 kHz). The US device is able to generate a high-intensity acoustic field in the medium (154.3 dB). The drier operates in an automatic mode; air temperature and velocity are controlled and a balance is used to weigh the samples at preset times.
Air-drying experiments (AIR) of orange peel slabs were carried out at constant air velocity and temperature, 1 m/s and 40°C, respectively. Drying experiments assisted by ultrasound (AIR+US) were carried out under the same experimental conditions as AIR experiments and by applying the electric powers of 90 and 45 W to the US transducer. AIR room conditions (air relative humidity and temperature) were monitored during drying in order to determine the drying air relative humidity, which presented an average value of 26.5±0.9%. In all the cases, the drying experiments were conducted in triplicate and completed when samples lost 70% of the initial weight. Drying kinetic was determined from the initial moisture content and the weight loss logged during drying.
The total energy consumption during drying experiments was measured using a digital power meter (FLUKE 430, Fluke Ibérica, Madrid, Spain) . The main elements to be considered in the quantification of the energy consumption were the heating elements, the ventilation system (fan), and the US generator.
Cryo-Scanning Electron Microscopy (Cryo-SEM)
The microstructure of fresh-cut AIR-and AIR+US-dried samples was studied using Cryo-SEM (Salvador et al. 2008; Ortuño et al. 2010) . In every case, the analysis was carried out on both the sample surface and in its sections. The experimental setup involves a cryostage CT-1500 C (Oxford Instruments, Witney, UK) coupled to a Jeol JSM-5410 scanning electron microscope (Jeol, Tokyo, Japan). Samples were immersed in slush N 2 (at −210°C) and then quickly transferred to the cryostage at 1 kPa, where sample fracture took place. The sublimation was carried out at −95°C and the final point was determined by direct observation in the microscope (5 kV). Once again in the cryostage unit, the sample was coated with gold using an ionization current of 2 mA and applying vacuum (0.2 kPa) for 3 min. The observation in the scanning electron microscope was carried out at 15 kV, a working distance of 15 mm, and −130°C.
Computational Analysis of Drying Kinetics
Drying kinetics were mathematically described using a diffusion model (Ruiz-López et al. 2010 ) assuming orange peel parallelepipeds behave as infinite slab geometry (Garau et al. 2006 ) because two dimensions are larger when compared to the third one (thickness). Due to the relative mass transfer resistances, the mass flow on the thickness direction was much larger compared to the other ones (Perry and Chilton 1973; Singh and Heldman 2001) . The governing equation (Eq. 1) was solved by considering the orange peel as a homogeneous and an isotropic material, the initial moisture content and temperature as the uniform and the effective moisture diffusivity and sample volume as the constant during drying .
Where W p is the local moisture content (d.b., kilograms water per kilogram dry matter), D e is the average effective moisture diffusivity (in square meter per second), t is the time (in seconds), and x is the characteristic direction of the water transport.
Two different approaches were considered to solve the governing equation. First, the external resistance was neglected (Non external resistance (NER) model) assuming drying depends only on internal water transport through the solid and that the product surface is maintained in equilibrium with air drying (Eq. 2).
As the orange cuticle is covered by waxy compounds (Chafer et al. 2003) , it was considered as a waterproof layer and the characteristic dimension for water transport (L) was the total thickness of orange peel slabs. Equilibrium data for the drying of orange peel were obtained from literature (Garau et al. 2006) .
The solution of the non external resistance (NER) model is depicted in Eq. 3 in terms of the average moisture content (Crank 1975; Simal et al. 1998 ) (Eq. 3).
As second approach for modeling, the external resistance to mass transfer was considered in the diffusion model Fig. 1 Diagram of the ultrasound-assisted hot air drier (Ortuño et al. 2010) . 1 Fan, 2 heating unit, 3 anemometer, 4 three-way valve, 5 thermocouple, 6 sample loading chamber, 7 coupling material, 8 pneumatic moving arms, 9 ultrasonic transducer, 10 vibrating cylinder, 11 sample loading tree, 12 balance, 13 impedance matching unit, 14 wattmeter, 15 high-power ultrasonic generator, 16 PC external resistance (ER model) in terms of kinetic control. The ER model provides the joint evaluation of the US effect on both external and internal resistance to mass transfer by means of the quantification of the effective moisture diffusivity and the mass transfer coefficient.
The ER model was solved by considering the water flux equality between solid surface and air (Eq. 4) (Guiné et al. 2010) .
Where ρ ds is the dry solid density (in kilograms per cubic meter), k is the mass transfer coefficient (in kilograms water per square meter per second) which determines the water transfer rate from the solid surface to the air medium, 8 e is the relative humidity of the air at equilibrium with the surface of the material (x=L), and 8 air is the relative humidity of the hot air. The dry solid density was determined by liquid displacement using toluene, a volumetric standard picnometer of 48.889 mL, and an analytical balance (±0.001 g, PB 303-S, Mettler Toledo).
The ER model was applied by using an implicit finite difference method (Mulet et al. 2005) to solve the diffusion equation assuming the boundary condition stated in Eq. 4. The solid volume was divided in a finite number of subvolumes characterized by its node (central point). Equation 5 shows the general relationship of the local moisture content for a node, being a function of the moisture content both of the neighbor nodes and of the same node at a previous time. The particular expression at each kind of node must be obtained by adequately combining the boundary conditions (Simal et al. 2003) .
The position of the node is characterized by the x coordinate, the separation between nodes by Δx=L/(n−1), the number of nodes by n=15 and, finally, the time interval considered by Δt.
The implicit equations system obtained for the node net was solved by programming a series of functions in Matlab (Matlab ® 7.1 SP3, The MathWorks, Inc., Natick, MA, USA). Thus, the moisture profile in an infinite slab geometry body may be obtained as a function of the thickness, the effective diffusivity, and the mass transfer coefficient. The calculation by integration of the average moisture content of the solid was also implemented in the Matlab code.
The estimation of kinetic parameters (D e in NER; D e and k in ER models) was carried out by an unconstrained nonlinear optimization method (Simplex). Identification was performed by minimizing the sum of the squared differences between the experimental and the calculated average moisture content considering kinetic parameters as predictor variables. In the case of the ER model, the joint interval of confidence (95% statistical significance) was calculated for the parameters D e and k in order to estimate the consistency of the simultaneous identification. A subfunction was programmed in Matlab code to include the iterative calculation in the solution of the diffusion model.
The fit of the model to the experimental data was computed by assessing the explained variance (VAR, Eq. 6).
where S 2 tW and S 2 W are the variance of the sample and the estimation, respectively.
Analysis of variance and LSD intervals (p<0.05) were carried out using Statgraphics Plus 5.1. (Statistical Graphics Corp.) to estimate significant statistical differences in D e and k produced by US application.
Results and Discussion
Experimental Drying Data
Orange peel presented an average initial moisture content of 2.89±0.14 (in kilograms water per kilogram dry matter), which was considered the critical moisture content due to the fact that the constant rate period was not observed during experimentation. Figure 2 shows the experimental drying kinetics of orange peel slabs carried out without (AIR) and with US application (AIR+US), at the two different US powers tested, 45 W (AIR+US-45 W) and 90 W (AIR+US-90 W).
Dry samples presented a final moisture content of 0.12± 0.05 (in kilograms water per kilogram dry matter), which corresponds to a weight loss of 70% for the raw orange peel. In order to reach the final moisture content, AIR-drying experiments were extended until an average drying time of 9.7 h. US application reduced the drying time to approximately 6.9 h for AIR+US-45 W and 5 h for AIR+US-90 W, meaning a reduction in the drying time of 30% and 45%, respectively. This fact suggests that US application leads to an improvement of the water removal rate during drying and obviously, the effect has been dependent on the applied US power. The reduction of drying time also resulted in energy saving, which was evaluated by measuring the total energy consumption using a digital power meter. Thus, the total energy used during drying was reduced by 12% and 20% for AIR+US-45 W and AIR+US-90 W experiments as compared to AIR experiments, respectively. As already mentioned, drying is considered a high demand energy operation; therefore, US application may involve a significant improvement of drying process in terms of energy consumption.
A simple analysis of drying kinetics does not provide more information about the US effect on mass transfer phenomena. Modeling is considered a fundamental tool with which to explain and clarify the origin of the drying improvement brought about by US. In addition, a thorough knowledge of mass transfer phenomena would be essential to correlate with microstructure analysis.
Influence of High-Intensity US on Mass Transport
The results of the modeling of drying kinetics are shown in Table 1 for NER and ER diffusion models. Effective moisture diffusivity, identified by fitting the NER model to experimental data, increased significantly from 0.88 to 1.33×10 −9 m 2 /s by applying a US power of 45 W during drying experiments. The improvement was even greater when the applied power reached 90 W (1.72×10 −9 m 2 /s). This result involves a significant (p<0.05) improvement of internal water transport due to US application, the effect being dependent on the applied US power. Literature has already reported this fact for other foodstuffs (GallegoJuárez et al. 1999; Cárcel et al. 2007; Garcia-Perez et al. 2006 and , linking the US effect on the internal mass transport to the alternative expansions and compressions produced in the material by US waves. This effect is known as the "sponge effect" due to its similarity to a sponge being squeezed and released (Gallego-Juárez 1998).
The NER diffusion model led to a poor fit of drying kinetics, the explained variance reached being lower than 95.5% in all the cases (Table 1) . Figure 3 illustrates, for a particular case, the lack of agreement between experimental data and that calculated from the NER model. These results point to the fact that assumptions considered in the NER model deviate from the real behavior that takes place during orange peel drying. Thus, the effective moisture diffusivity shown in Table 1 includes not only the phenomena linked to diffusion but also those unknown mechanisms not considered in modeling. Therefore, the effective moisture diffusivity must be considered a simple kinetic fitting parameter. However, the diffusivity identified from the NER model is useful for addressing more complex models, like the ER model, due to the fact that it is used as the initial value in the optimization problem to fit the new model to the experimental drying kinetics.
A better agreement between experimental drying and calculated data was found when using the ER model than when using the NER model (Fig. 3) . The precision of the fit of the ER model is illustrated by the explained variance reached, which was higher than 99% in every case. Figure 3 shows a lack of agreement between the experimental data and the ER model at the end of the drying process (times over 20,000 s). A better fit could be reached by considering variable effective moisture diffusivity, but it would increase the fitting parameters and make the modeling less reliable.
The goodness of the fit reached with the ER model suggests that in order to give an adequate description of mass transport during orange peel drying, the external resistance to mass transfer must be considered as a significant effect. The low air velocity used in drying experiments, 1 m/s, makes the water transport resistance from solid surface to air medium significant, which has already been confirmed by data from literature . In addition, the use of the ER model permits the US effect on both internal and external resistance to mass transfer to be separated by quantifying not only the effective moisture diffusivity (D e ) but also the mass transfer coefficient (k) ( Table 1) .
Effective moisture diffusivity identified using the ER model followed the same trend as in the NER model. US application resulted in the increase of the effective moisture diffusivity and the improvement was higher when applying 90 than 45 W. US powers of over 90 W could not be reached due to safety requirements in the US setup. Therefore, the aforementioned effects of US application on internal mass transfer were confirmed by using the ER model.
A significant (p<0.05) US effect on mass transfer coefficient (k) was also identified (Table 1) . Thus, the k values identified increased by 45% if AIR experiments are compared to AIR+US-45 W, the improvement being even greater when a US power of 90 W was applied (AIR+US-90 W). This results show that US application provokes a significant reduction of external resistance to mass transfer, which may be explained by the shaking effect on the interfaces associated with US waves (Gallego-Juárez et al. 1999; . US waves produce pressure variations, oscillating velocities, and micro-streamings creating a high turbulence around the particle (shaking effect) and reducing the thickness of the boundary layer, which results in the increase of the mass transfer coefficient. The proper modeling of the drying kinetics using the diffusion model considering external resistance to mass transfer (ER model) allowed not only the US effect on water transport to be quantified but also permitted its separation between external and internal transport mechanisms.
Influence of High-Intensity US on Microstructure
The effects associated with US application on mass transfer may be analyzed by addressing the influence of US application on the microstructure of dried orange peel, trying to establish links between the US effect on water transfer and microstructural changes. As is well known, two main tissues are considered in orange peel, flavedo, and albedo. Flavedo constitutes the external layer of orange peel and albedo, the internal. The first step of the study must be the microstructural characterization of the fresh orange peel, since it has not yet been reported in literature. Flavedo is covered by a thin waxy layer called the cuticle (Fig. 4a) , which protects the orange fruit from dehydration and other external agents during growth. The microstructural study reveals the existence of pores in the cuticle. These pores (25-30 μm) are ring shaped and are surrounded by waxy accumulations (Fig. 4a) . The cuticle is closely connected with the flavedo cells (Fig. 4b) . The main components of the flavedo are spherical or oval cells with practically no intercellular spaces (Fig. 4b, c) . The typical eutectic artifact can be observed in these cells (Fig. 4d) , which is generated by the etching process during the preparation of the samples. The structure of this artifact is similar to a very close network, which indicates that there is a large quantity of soluble solids inside these cells, situated mainly in the vacuole (Fig. 4d) .
In the fresh orange samples, the albedo tissue is constituted by interconnected tubular cells with large intercellular spaces among them (Fig. 5a ). Continuity is observed between flavedo and albedo tissues, as it goes into the internal layers, larger intercellular spaces, occupied by air, and the tubular cells of the albedo tissue can be observed (Fig. 5b, c) . Inside these cells, the typical eutectic artifact, denser than in the flavedo cells, was also found (Fig. 5d) , which could indicate a higher concentration of solutes in the albedo cells.
Air-drying treatment causes shrinkage of the orange peel, which is considered a usual phenomenon in drying processes (Khalloufi et al. 2009 ). As can be observed in Fig. 6 , there is a higher quantity of pores by area in the AIR dried (Fig. 6b) than in the fresh sample (Fig. 6a) , which reveals shrinkage during drying. This effect was also shown in the section of the orange peel (Fig. 7) . In the fresh sample (Fig. 7a) , the cuticle and only the first cell layers of the flavedo are observed. However, when these samples are dried (AIR+US-90 W) both tissues (flavedo and albedo) can be observed in the same area (Fig. 7b) . Both images have been selected at the same magnification, thus the observed differences may also be attributed to the shrinkage experimented by orange peel during drying. From the microstructural analysis, a similar shrinkage pattern was found when AIR-and AIR+US-dried samples were compared.
Air drying provoked the loss of the characteristic distribution of the waxy components on the peel surface. The waxy components spread on the cuticle surface lead to the obstruction of some pores (Fig. 6c) . The spread of the waxy components generated a waterproof barrier and, as a consequence, water transfer through this surface must be more difficult during the air-drying process. This fact suggests that water movement is facilitated to be occurred mainly through the albedo, which was also taking in the modeling into account by considering the total thickness of the orange peel (5.9 mm) like the characteristic dimension (L) for the diffusion. Despite the spread of the waxy component in the airdried samples (AIR) (Fig. 6c) , the ring shape around the pores is still well defined. However, after US application (AIR+US-90 W), the typical ring shape around the pores appears blurred (Fig. 6d ) and all the pores are completely obstructed. US involves a more intense spread of the waxy compounds on the cuticle surface. The intense spread of waxy compounds observed on the cuticle confirms the effects on the interfaces promoted by the US application. The aforementioned mechanical effects (shaking) produced by US waves on the interfaces should bring about not only a greater spread of waxy components on the cuticle but also the improvement of water transfer from the surface of the albedo (situated on the opposite side of the cuticle surface).
Both cuticle and albedo surfaces are considered interfaces in the orange peel slabs. Obviously, it must be remarked that, depending on the characteristics of the interfaces involved, the effects produced by US in the interfaces will be different (Gallego-Juárez et al. 1999 ).
In the case of the inner structure of the albedo, the fresh cellular tissue (Fig. 8a) is disrupted by air drying (AIR) (Fig. 8b) , and the cell tubular shape disappears due to water removal. It is well known that the water release during the drying process brings about a high stress on the vegetable cells, which results in a collapse of the typical cell structure. US application (AIR+US-90 W; Fig. 8c ) produced an even more intense disruption of the albedo cells than in the AIRdried samples (Fig. 8b) . The cellular structure is highly Fig. 6 Cryo-SEM micrographs of cuticle surface. a Fresh orange peel (×500); b air dried (AIR; ×350); c detail of pore in air dried (AIR; ×2,000); and d detail of pore in ultrasoundassisted drying (AIR+US-90 W; ×2,000). P pores degraded and large intercellular spaces can be observed after drying. The alternative expansions and compressions produced by US waves (sponge effect) in the material contribute to the more intense cellular tissue degradation. The acoustic wave acts repeatedly over the cell facilitating water release as well as affecting cellular structure. Therefore, the microstructural analysis revealed the US effect on the internal structure of the orange peel, which confirms the significant influence of US application on internal water transport identified from modeling.
Conclusions
US application reduced the drying time of orange peel. The effect was more intense as the applied US power increased. Mass transport was adequately described by considering a diffusion model assuming significant external resistance to water transport in boundary conditions. US application improved significantly (p<0.05) both the effective moisture diffusivity and the mass transfer coefficient. That fact suggests an influence of US application on both internal and external water transport. The US effect on water transport during drying was confirmed and explained by microstructural analysis. US affected the interfaces leading to a more intense spread of waxy compounds on the cuticle surface, which may be correlated to the improvement of water transport between the albedo surface and air medium. In the internal structure of the orange peel, US produced a higher degradation of albedo tissue by alternating expansions and contractions produced by US waves, which also explains the improvement of water diffusion observed from the modeling.
